Although the adult brain is considered to be fully developed and stable until senescence when its size steadily decreases, such stability seems at odds with continued human (intellectual) development throughout life. Moreover, although variation in human brain size is highly heritable, we do not know the extent to which genes contribute to individual differences in brain plasticity. In this longitudinal magnetic resonance imaging study in twins, we report considerable thinning of the frontal cortex and thickening of the medial temporal cortex with increasing age and find this change to be heritable and partly related to cognitive ability. Specifically, adults with higher intelligence show attenuated cortical thinning and more pronounced cortical thickening over time than do subjects with average or below average IQ. Genes influencing variability in both intelligence and brain plasticity partly drive these associations. Thus, not only does the brain continue to change well into adulthood, these changes are functionally relevant because they are related to intelligence.
Introduction
As was already postulated in 1892 by Ramõn y Cajal (1892), the human brain changes throughout life. It reaches Ϸ90% of its adult size around the age of six years (Giedd et al., 1999) , but changes in the brain continue to take place in children and adolescents (Giedd et al., 1999; Gogtay et al., 2004) ; while in senescence, a consistent loss of brain tissue is found (Liu et al., 2003; Raz et al., 2005; Resnick et al., 2003; Kramer et al., 2007) . Despite these marked changes over time at both extremes of the age range, brain size has often been considered to be static during the largest period of our lives. Interestingly, this belief is mostly based on cross-sectional data. However, a static brain seems to be at odds with our continued (intellectual) development after adolescence. In fact it is hard to envision meeting these (intellectual and social) challenges with a brain incapable of changing and adapting to the environment.
We therefore hypothesized that (1) structural changes occur in the adult brain; (2) these changes are related to intelligence (as has previously been reported to be the case in childhood [Shaw et al., 2006] ), and (3) because both cortical thickness (Thompson et al., 2001 ) and intelligence (Plomin and Spinath, 2004) are heritable traits and brain structure is positively associated with intelligence through shared genes (Thompson et al., 2001; Posthuma et al., 2002; Toga and Thompson, 2005; Hulshoff Pol and Kahn, 2008) changes in cortical thickness are driven by genes overlapping with those determining IQ. We applied the extended twin model to determine the relative contributions of genetic, common, and unique environmental influences on variation in cortical thickness change and their common origin with intelligence.
Materials and Methods
Subjects. Twins and their siblings were recruited from the twin-pair cohort at the University Medical Centre Utrecht ) and the Netherlands Twin Registry, Free University Amsterdam (Boomsma) . Of the 242 participants from 106 twin families, 183 from 87 families completed the 5-year follow-up, including 52 monozygotic males, 31 dizygotic males, 25 monozygotic females, 29 dizygotic females, 24 dizygotic opposite sex twins (12 male and 12 female), and 22 siblings (11 male and 11 female). Mean age at baseline was 29.63 years (SD: 7.52). All participants gave written informed consent. DNA testing using the polymorphic markers D06S474, D07S1804, D07S1870, D12S811, D13S119, D13S126, D13S788, D20S119, D22S683, DXS1001, and ELN, or D13S317, VWA, D74520, D35158, TH01, TP0X, CSF1P0, and D55818 determined zygosity. Except for one twin pair, all twins and their siblings were reared together. Two twin pairs were born by caesarean section delivery. Mental and physical health was assessed at baseline and at follow-up by means of the Comprehensive Assessment of Symptoms and History (CASH; Andreasen et al., 1992) , and by a medical history inventory, respectively. In addition, at baseline the Family Interview for Genetic Studies (FIGS; Maxwell, 1992) was completed. This study was approved by the medical ethics committee for research in humans (METC), University Medical Centre Utrecht, the Netherlands and was carried out according to the directives of the "Declaration of Helsinki" (Edinburgh amendment, 2000) (Table 1) .
Brain imaging. Magnetic resonance imaging brain scans were acquired on a Philips NT scanner (Best, the Netherlands) operating at 1.5 T in all subjects. T1-weighted three-dimensional fast field echo (3D-FFE) scans with 160 to 180 contiguous coronal slices scans (echo time [TE] ϭ 4.6 ms, repetition time [TR] ϭ 30 ms, flip angle ϭ 30°, 1 ϫ 1 ϫ 1.2 mm 3 voxels), and T2-weighted dual-echo turbo-spin-echo (DE-TSE) scans with 120 contiguous coronal slices (TE1 ϭ 14 ms, TE2 ϭ 80 ms, TR ϭ 6350 ms, flip angle ϭ 90°, 1 ϫ 1 ϫ 1.6 mm 3 voxels) of the whole head were used for quantitative measurements. In addition, T2-weighted dual-echo turbospin-echo (DE-TSE) scans (TE1 ϭ 9 ms, TE2 ϭ 100 ms, flip angle ϭ 90°, 0.98 ϫ 0.98 mm 2 ) with 19 axial 5 mm slices and 1.2 mm gap of the whole head were used for clinical neurodiagnostic evaluation.
Processing was done on the neuroimaging computer network of the Department of Psychiatry, University Medical Center Utrecht. All images were coded to ensure blindness for subject identification and diagnoses, scans were manually put into Talairach frame (no scaling) for segmentation purposes and corrected for inhomogeneities in the magnetic field (Sled et al., 1998) . Segments of gray and white matter of the cerebrum (total brain excluding cerebellum and stem) were based on histogram analyses (Schnack et al., , 2009 ). All images were checked after measurement and corrected manually if necessary. The inter-rater reliabilities of the volume measurements, determined by the intraclass correlation coefficient (ICC), were 0.95 and higher.
For cortical thickness measurements, we used a custom implementation of the CLASP algorithm (Kim et al., 2005; Lyttelton et al., 2007) which starts from the gray and white matter segments created by our own algorithm. Cortical thickness extraction was done by hemisphere; each surface consisted of 40,960 polygons and 40,962 vertices. It included fitting of a 3D surface to the white matter/gray matter interface, which created the inner surface of the cortex which was then expanded out to fit the gray matter/cerebrospinal fluid interface, thereby creating the outer cortical surface (Kim et al., 2005) . Cortical thickness was estimated by taking the distance between the two surfaces such that each polygon vertex on the outer surface had a counterpart vertex on the inner surface. A vertex-by-vertex analysis was carried out to evaluate the variability in cortical thickness change at each point. Each subject's thickness measurements were smoothed across the surface using a 20 mm full-width at half-maximum (FWHM) surface-based blurring kernel. This method of blurring improves the chances of detecting population differences but also follows the curvature of the surface to preserve any anatomical boundaries within the cortex. The surfaces of the subjects were registered to an average surface created from 152 subjects (International Consortium for Brain Mapping) (Lyttelton et al., 2007) . This registration allowed us to compare cortical thickness locally between subjects. It should be noted that the area defined as the parahippocampal gyrus comprises parts of the entorhinal cortex, perirhinal cortex, parahippocampal cortex, and those parts of the uncus and hippocampus proper that are on the cortical surface in the medial temporal lobe (Lerch, 2008) .
Cognitive assessment. A measure of full IQ (WAIS-III, 1997) was obtained in 132 subjects who had a baseline scan and for 106 participants who also obtained a follow-up scan. Full-scale IQ was corrected for age and sex.
Statistical analyses. To estimate the contribution of genetic and common and unique environmental factors on the variation of brain structure change, the extended twin-sibling model was applied. This model is identified because monozygotic (MZ) twins are (nearly always) genetically identical, whereas dizygotic (DZ) twins and siblings share 50% of their segregating genes on average and both types of twins and their siblings share their familial environment. Therefore, if MZ twins resemble each other more than DZ twins for a particular trait, genetic factors are important for that trait. The presence of common environmental factors is suggested when correlations in DZ twins are larger than half the MZ correlation . By including siblings of twins, the statistical power to detect the influences of common environmental factors shared by family members is enhanced (for example, a family of DZ twins and a sib gives three correlations among first-degree relatives, a family with only two DZ twins gives one correlation).
For every vertex, cortical thickness as well as cortical thickness change were corrected for age, sex, and handedness with a linear regression analysis. The relative importance of the genetic factor was estimated on the age/sex/handedness corrected residuals, which was expressed as (univariate) heritability (h 2 ). Because univariate analysis did not show any evidence for influences of common environment (C), subsequent (bivariate) analyses were based on models containing additive genetic (A) and unique environmental (E) influences only. The covariance between brain volume and brain volume change and between brain volume change and IQ (bivariate genetic analysis), was decomposed into two parts and the percentage covariance attributed to A was expressed as bivariate herita-
The bivariate genetic analysis yielded an estimate of the phenotypic correlations (r ph ) between brain structure and brain structure change and between brain structure change and IQ, which can result from a shared set of genes or a shared set of environmental factors depicted in genetic (r g ) and environmental correlations (r e ). These estimates provide information regarding the possible shared genetic and environmental influences of brain structure and brain structure change and brain structure change and IQ. Decomposition of these sources was based on the comparison of cross-trait/cross-twin correlations for MZ and DZ twins (i.e., the correlation between a trait [e.g., whole brain volume at initial measurement] of twin 1 with another trait [e.g., whole brain volume change] of twin 2, where twin 1 and twin 2 represent a twin-pair). If the absolute value of the correlation between brain volume change of twin 1 and brain volume or IQ of twin 2 is larger in MZ twins than in DZ twins, this indicates that genes influencing brain volume (partly) overlap with genes that influence brain volume change. The extent of the overlap is reflected by the magnitude of the genetic correlation (r g ).
We tested whether an AE model (family resemblance is solely attributable to additive genetic effects) fitted as well as an E model (no family resemblance), taking the simplest model explaining the data best (Neale, 2004) . By minimizing a goodness-of-fit statistic between observed and predicted covariance matrices, likelihoods of nested models were compared (Ϫ2 log likelihood difference is 2 distributed). A 2 larger than 2 ϭ 3.84 (1 df) or 5.99 (2 df) indicates a significant difference at ␣ ϭ 0.05, which means that the reduced model provided a significantly worse fit to the data and indicates that the discarded effect (e.g., additive genetic influence) cannot be left out of the model without seriously deteriorating the goodness-of-fit. When estimating heritabilities, this 2 can be relaxed because tests of variance components constrained to be nonnegative correspond to tests of parameters on the boundary of the parameter space and in such situations the standard test procedure provides too large p values. These p values have to be halved, resulting in a critical value of 2 ϭ 2.71 (1 df) at ␣ ϭ 0.05 (Dominicus et al., 2006) . A critical 2 larger than 2 ϭ 14.3 was set after Bonferroni correction for multiple comparisons based on 81,920 polygons and the 20 mm surfaced based blurring kernel.
Results
Change in cortical thickness was measured as thickening and thinning per vertex (corner of one triangle of cortical tissue of over 80,000 triangles that together form the cortex) over the 5 year interval and set against age for interpretation (Fig. 1) . Cortical thickening was found bilaterally in the parahippocampal gyri, bilaterally in the frontal poles, right medial frontal, and bilaterally in the occipital cortices. With increasing age, the cortical thickening in the parahippocampal gyrus became more prominent, whereas in the frontal poles and right medial frontal cortices it became less prominent. Cortical thinning with increasing age was primarily found in the superior, left medial, and inferior frontal, sensory-motor, insula, superior temporal, and lateral and medial parietal cortices.
Associations between cortical thickness change and level of intelligence were measured by phenotypic correlations. We divided our sample into three groups based on their IQ to interpret the differential changes in cortical thickness with age. Significant positive associations with level of intelligence were found for cortical thickening in the left and right parahippocampal cortices (r ph ϭ 0.26; r ph ϭ 0.24) and right medial frontal (r ph ϭ 0.27) cortex, and for cortical thinning negative associations with level : sources of variance on cortical thickness change. This measure reflects the influence of additive genetic factors on cortical thickness change in percentages and 95% confidence interval (e.g., additive genetic effects account for 22% of the variance on change in the peak vertex of the parahippocampal gyrus in the left hemisphere). h 2 biv : bivariate heritability, the influence of genetic factors on the correlation between cortical thickness change in this vertex and IQ. That is, additive genetic effects account for 71% of the covariance of cortical thickness change in the peak vertex of the parahippocampal gyrus in the left hemisphere and IQ. Phenotypic correlation (r ph ): correlation that is found between cortical thickness change in this vertex and IQ within individuals. For example, the correlation between cortical thickness change in the peak vertex of the left parahippocampal gyrus left and IQ ϭ 0.26, which indicates that there is a significant correlation between cortical thickness change and IQ. Genetic and environmental correlation: phenotypic correlations are decomposed into genetic (r g ) and environmental components (r e ), providing information on the possible shared genetic and environmental influences on cortical thickness change in this vertex and IQ. Note that in 8 of 13 cases, r g and r e are of opposing sign. However, this is significant in only 2 of 13 cases. In all other cases the environmental correlation was not significantly different from 0.
of intelligence were found in the left and right inferior frontal (near Broca's area; r ph ϭ 0.33 and r ph ϭ 0.34), left and right superior frontal (r ph ϭ 0.24; r ph ϭ 0.32), left and right sensory-motor (r ph ϭ 0.31; r ph ϭ 0.34), and right occipital (r ph ϭ 0.34) cortices ( Fig. 1; Table 2 ; Figures S1 and S2, available at www.jneurosci.org as supplemental material). All associations indicate that increased thickening and less thinning of the cortex is associated with higher IQ scores.
Heritability of IQ in this sample was estimated to be 86% (95% confidence interval [CI] 75 to 92). Heritability for change in cortical thickness over time was determined to be up to 56%. Cortical thickening was significantly heritable in the parahippocampal gyri (heritability given in percentages with 95% CI): left 48%, 25 to 66%; right 47%, 24 to 64%), frontal poles (left 45%, 19 to 65%; right 43%, 18 to 63%) and right medial frontal cortex (56%, 31 to 73%) after Bonferroni correction for multiple comparisons ( Fig.  2; Table 3 ). Cortical thinning was significantly heritable in the left orbitofrontal (41%, 15 to 63%), superior temporal (left 55%, 32 to 72%; right 45%, 24 to 62%), left superior frontal (54%, 30 to 72%), lateral parietal (left 28%, 11 to 45%; right 45%, 23 to 63%), and right lateral (38%, 16 to 58%) and right medial (35%, 6 to 62%) occipital cortices after Bonferroni correction for multiple comparisons. Genetic factors influencing cortical thinning of the left superior frontal and superior temporal cortices were significantly different from those influencing absolute cortical thickness, and these findings remained significant after Bonferroni correction. This latter finding suggests that different genetic factors influence changes in cortical thickness and absolute cortical thickness in these areas. The influence of genes on cortical thickening in the parahippocampal gyrus changed over time. This was suggested by environmental influences on absolute parahippocampal thickness, whereas genetic factors were found to influence the changes in thickness. In the parietal and occipital cortices, the magnitude of changes was influenced by the same genes that affect absolute cortical thickness in these areas.
There were significant influences of shared genes on the associations between cortical thickness change and level of intelligence in the parahippocampal, medial frontal, inferior frontal, superior frontal, sensory-motor, and occipital cortices (Table 2) . Thus, genes that are implicated in the changes in cortical thickness overlap with those involved in the level of intelligence.
Discussion
Here we report several novel findings: the brain changes throughout adulthood, these changes are related to intelligence, and both are partly driven by shared genes. Specifically, in this extended twin study we found the change in cortical thickness in the adult brain to be in the order of 0.5 to 1.0% per year, with thinning of the cortex most evident in the frontal areas while thickening of the cortex was most pronounced in the medial temporal lobe. Interestingly, these changes were associated with the level of intelligence of the subjects: subjects with an IQ of over 110 showed both more pronounced thickening of the medial temporal cortex and attenuated thinning of the frontal cortex over time when compared to individuals with average (IQ 90 to 110) and below average intellectual ability (Ͻ90). Although these data only extend to age 35, our findings suggest that the association between intellectual ability and cortical development as reported earlier in a large group of children (Shaw et al., 2006 ) does not stop after childhood and adolescence. In addition, we found the associations between intelligence and changes in cortical thickness to be heritable. Indeed, the heritability estimates that we found for changes in the brain over time are considerable. The highest values (between 50 and 56%) were found in the frontal and temporal cortices including the parahippocampal gyri. The magnitude of several of these changes, and particularly of the thinning in the left superior frontal and left superior temporal cortices, was found to be partly influenced by genes that are different from those related to absolute cortical thickness in some of these areas. It may be possible that the genetic influence on cortical change is related to plastic properties of the brain needed for optimal adaptation to an ever-changing environment.
With increasing age, cortical thinning was more pronounced in our sample than cortical thickening, which is in agreement with volume decreases in overall gray matter over time in adults Figure 2 . Heritability of cortical thickness and cortical thickness change showing the heritability (h 2 ) of cortical thickness (left), the heritability of cortical thickness change (middle), and the 2 test statistics ( 2 ,dfϭ 1) of specific genetic influences on cortical thickness change, which are not associated with the genetic influences of absolute cortical thickness (right). (Raz et al., 2005; Resnick et al., 2003; Kramer et al., 2007) . The finding of cortical thickening in the frontal pole, right temporal, parahippocampal, and occipital cortex is consistent with a study in 20-to 77-year-olds, finding minimal change in the entorhinal cortex (part of the parahippocampus) and none in the primary visual cortex despite overall widespread loss of brain volume (Raz et al., 2005) . Although at this point the physiological processes underlying cortical thickness change in the adult human brain remain unclear, it is interesting to note that the areas that showed cortical thickening in our study (i.e., the parahippocampal gyrus and frontal pole) overlap with those that are thought to have plastic properties in adult mammals (Gould, 2007) . Cortical thinning with increasing age is not easily explained by decreases in neocortical neuronal cell number (Pakkenberg and Gundersen, 1997) but instead may result from a reduction in the complexity of dendrite arborization and dendritic length, a decrease in spine numbers, and change in synaptic densities (Dickstein et al., 2007) .
Our finding that intelligence and change in cortical thickness are partly associated through shared genes is consistent with the dependence of learning and memory formation on the plasticity of neural circuits (Escobar et al., 2008) . The association between intelligence and structural brain changes may also reflect an association between intelligence and plasticity in structural (Chiang et al., 2009) and functional brain networks during the resting-state (van den Heuvel et al., 2009) . Moreover, because functional brain activity during cognitive tasks was recently found to be heritable (Koten et al., 2009) , genes for structural brain plasticity and intellectual ability may also be relevant for brain function while performing cognitive tasks. Finally, the genetic association between intelligence and change in cortical thickness may assist in the quest to find the cause(s) for psychiatric disorders that affect both intellectual ability and brain plasticity. For instance, schizophrenia is characterized by compromised intellectual ability and progressive brain tissue loss (Brans et al., 2008) , both of which are heritable traits implicated in the disease (Toulopoulou et al., 2007) . In sum, we report here that not only does the brain continue to change well into adulthood, these changes are functionally relevant because they are related to intelligence. The relevance of this association is underscored by our finding that brain changes and intelligence are both partly influenced by the same genes. Cortical areas with significant heritability for thickness change over time at ␣ ϭ 0.05 after Bonferroni correction for multiple comparisons ( 2 Ͼ 14.3), corrected for age and gender. Confidence intervals crossing 0 are not significant for r ph , r g , r e . Confidence intervals including Ϫ1 or 1 indicate that there is no evidence different genes are involved in cortical thickness change as compared to cortical thickness in that specific vertex. h 2 biv : bivariate heritability; the influence of genetic factors on the correlation between cortical thickness and cortical thickness change. That is, additive genetic effects account for 6% of the covariance of cortical thickness and cortical thickness change in the peak vertex of the left frontal pole. A-spec: specific genetic influence on cortical thickness change compared with cortical thickness; *Significant at ␣ ϭ 0.05 with Bonferroni correction ( 2 Ͼ 14.3).
Phenotypic correlation (r ph ): correlation that is found between cortical thickness and cortical thickness change within individuals. That is, the correlation between cortical thickness and cortical thickness change in the peak vertex of the left frontal pole ϭ Ϫ0.45, which indicates that there is a significant correlation between cortical thickness and cortical thickness change. Genetic and environmental correlation: phenotypic correlations are decomposed into genetic (r g ) and environmental components (r e ), providing information on the possible shared genetic and environmental influences on brain volume and brain volume change.
